A three-dimensional one-way bubble tracking method is a promising numerical method for calculation of time-spatial evolution of gas-liquid interfacial configuration with use of a little computing resource. Since the method has been applied to only an adiabatic air-water bubble flow, the method is developed for the analysis of a boiling flow in this study. One-dimensional Eulerian equation of energy conservation for a continuous liquid phase and an interface heat transfer equation for dispersed bubbles are introduced. Then, radial liquid temperature distribution, wall heat transfer between a heated wall and subcooled liquid, bubble generation on a heated wall and expansion or condensation of bubbles are taken into account. The developed method is applied to the boiling flow experiment and radial void fraction distribution is compared. It is confirmed that the method can give good prediction of tendency of the void fraction distribution in the boiling flow.
Introduction
Time-spatial evolution of gas-liquid interfacial configuration is one of the important intrinsic characteristics of a boiling flow in a vertical pipe. However, since most of numerical predictions of a boiling flow have been based on either time, space or ensemble averaged field equations, flow patterns have to be defined a priori and only averaged flow quantities such as mean volumetric fraction have been selected as dependent variables of the predictions. On the other hand, recent rapid progress in computer performance and numerical methods permits us more detailed numerical prediction using interface tracking methods, microscopic methods and so on. Although the time-spatial evolution on the flow field around bubbles can be predicted using the detailed numerical methods, lots of computing resource is required and calculation geometry is limited to a simple flow including only a few hundreds of bubbles. A three-dimensional one-way bubble tracking method has been developed (1) - (3) . In the method, bubbles are tracked using a three-dimensional equation of motion which takes into account drag, virtual mass, lift, buoyancy and wall forces, and a liquid velocity field is given as the sum of an undisturbed velocity field and a bubble-induced velocity field. Although the method enables us to track many bubbles with relatively small computer resource, it has been applied only to an adiabatic air-water bubble flow. In this study, a 3D one-way bubble tracking method for a boiling flow is developed.
One-dimensional Eulerian equation of energy conservation for the continuous liquid phase and an interface heat transfer equation for dispersed bubbles are introduced. The radial temperature distribution of the continuous liquid phase is estimated based on an empirical power law. Then, the wall heat transfer between a heated wall and a subcooled liquid phase, bubble generation on the heated wall and expansion or condensation of bubbles are taken into account. The method is applied to experiments in a boiling flow carried out by Sekoguchi (4) and the spatial evolution of radial distribution of void fraction is compared. 
Numerical Method

Bubble Shape
Bubbles are classified into small and large bubbles. When the bubble diameter d is less than a transition diameter d T , a bubble shape is assumed to be spheroidal. The aspect ratio E of the maximum vertical dimension b to the maximum horizontal dimension a of the spheroid is evaluated with a Wellek's model (5) :
( )
where the Eötvös number Eo is defined by
A bubble is assumed to be a bullet-shaped large bubble when a/D > 0.5. It follows that the transition diameter d T is given by
The shape of a large bubble is given by the following equations (6) (7) : 
Bubble Motion
Large bubbles (d > d T ) are assumed to rise along the pipe axis, whereas small bubbles are tracked using the 3D equation of motion:
The F D is given by the product of the drag coefficient of a single bubble in an infinite stagnant liquid and the multiplier accounting for the wall effect (6)(7) . The F L and F W are evaluated using the empirical correlations proposed by Tomiyama et al. (8) (9) . Since predicted bubble motions are little affected by the virtual mass force, the standard value, C V = 0.5, is employed.
Liquid Velocity Field
Except for liquid film and wake regions of large bubbles, the standard one-seventh power law is applied to a liquid velocity profile under a turbulent flow condition. The liquid velocity in the film region is evaluated using a one-dimensional mass balance of the liquid phase. The velocity distribution in the near and far wake regions of a large bubble is evaluated using the wake model (1) (2) . The effects of shear-induced and bubble-induced turbulence on the motions of small bubbles are taken into account to compensate for the neglect of the wakes induced by small bubbles.
Bubble Coalescence
Bubble coalescence is treated as a stochastic phenomenon with the aid of coalescence probabilities that depend on the sizes of two interacting bubbles. When two small bubbles collide, they are assumed to coalesce into a single bubble with a probability, whereas two large bubbles are assumed to coalesce whenever they collide. According to our observation, the process of coalescence between the small and large bubbles can be modeled as a combination of the coalescences between small bubbles and between large bubbles.
Heat Transfer
A schematic of a heat transfer model is shown in Fig.1 . The heat transfer process is classified into (a) subcooled boiling and (b) saturated boiling. In the subcooled boiling region, a one-dimensional equation of energy conservation is applied to the continuous liquid phase. Heat from a heated wall makes bubble generation and heat-up of the liquid. In the saturated boiling region, liquid temperature is fixed at a saturated temperature. Heat from a heated wall is used for bubble generation and maintaining constant liquid temperature. Consequently, the energy equation for each region in a pipe of diameter D is given by (a) the subcooled boiling region
(b) the saturated boiling region 
The heat transfer coefficient h Lb through bubble-liquid interface is given by the Lee-Ryley's model (10) :
The heat flux q WL between a heated wall and a liquid phase is expressed as
The heat transfer coefficient h L between a heated wall and a liquid phase is evaluated using the TRAC-BF1's model (11) : 
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Liquid Temperature Profile
Radial profiles of velocity and temperature are assumed to be given by the power law (4) :
From Eqs. (26) and (27), the radial profile of liquid temperature T L (r) is expressed using the bulk temperature L T as
The parameter n is usually set equal to 7. On the other hand, the parameter m has been determined empirically such as m = 7 by Sekoguchi (4) and as m = 4 by Kljenak (12) . The radial profiles of velocity and temperature by Eqs. (26) and (27) 
Bubble Generation
The diameter d g of the generated bubble, the number N g of the generated bubble in a computational cell and the heat flux q g for the bubble generation shall satisfy the following equation:
The d g is assumed to be equal to the bubble departure diameter at the heated wall, which is estimated using the Levy's correlation (13) :
In this study, q g is assumed to be given by
The effect of C q will be discussed in the following section.
The flow chart of the heat transfer calculation is shown in Fig.3 . The calculation of the energy conservation equation, Eq. (8), is split into two steps. One is the calculation of the convection component and the other is that of the heat transfer component:
Equation (32) is discretized using a finite difference method as follows:
For simplicity, we assume
Hence Eq. (34) reduces to
In a similar way, Eq. (12) is solved by using 
Boiling Flow Analysis
For the verification of the developed method, the method is applied to the boiling flow experiment carried out by Sekoguchi (4) . He measured the void fraction distribution in both radial and axial directions in a uniform-heated pipe using an electric resistivity probe technique. The diameter of the pipe was 13.55 mm. The condition computed is as follows: the pressure: 0.4MPa, the mass velocity: 500 kg/(m 2 s) and the heat flux: 233 kW/m 2 . Calculated flow pattern and the comparison between measured and calculated radial void fraction distributions are shown in Fig.4 . In the subcooled boiling region, small bubbles flow near the heated wall and the bubbles moving toward the pipe center condense and disappear. In the saturated boiling region, a bullet-shaped large bubble is formed because of the coalescence of small bubbles and the expansion of bubbles. The calculated void fractions in the pipe center tend to be lower than the measured void fractions. The main reason is thought to be that the bubbles in the pipe center of subcooled boiling region always condense due to the lack of the model on the fluctuation of the liquid temperature. Since the number of the large bubbles in the calculation is less than that of the experiment, there is the peak of void fraction at r/R = 0.9 due to the small bubbles in the saturated boiling region. However, the comparison of radial void fraction distribution shows that the method gives qualitatively good predictions for the void fraction distribution in the boiling flow, that is, the so-called wall-peak distribution in the subcooled boiling region and the so-called core-peak distribution in the saturated boiling region are well predicted. The C q in Eq.(31) is a sort of the tuning parameter. Figure 5 shows the effect of C q on the void fraction distribution. It has negligible effects on the void fraction distribution. This may be because bubbles generated in the subcooled boiling region quickly condense and disappear. On the other hand, since in the saturated boiling region most of the heat from the wall is used for the bubble generation, C q has negligible effects on calculated results. Quality, x = -0005
Exp. (Sekoguchi, 1981) Cal. 
Conclusions
A three-dimensional one-way bubble tracking method for a boiling flow was developed. One-dimensional Eulerian equation of energy conservation for a continuous liquid phase and interface heat transfer equation for dispersed bubbles were introduced. Then, radial liquid temperature distribution, wall heat transfer between a heated wall and subcooled liquid, bubble generation on the heated wall and expansion or condensation of bubbles were taken into account. The method was applied to the boiling flow experiment and radial void fraction distribution was compared. The so-called wall-peak distribution in the subcooled boiling region and the so-called core-peak distribution in the saturated boiling region were well predicted.
